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(57) A method of generating ballistic electrons with 
a high controllability by applying an electric field to a na- 
no-structure micro-crystal layer or a semi-insulating lay- 
er of a semiconductor to generate ballistic electrons or 
quasiballistic electrons by a multiple-tunnel effect; and 
a semiconductor device used in this method and provid- 
ed with a practical material constitution 
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Description 

Technical Field 

[0001] The present invention relates to a ballistic- 
electron solid-state semiconductor device More partic- 
ularly, the present invention relates to a ballistic-electron 
solid-state semiconductor device for realizing ballistic 
conduction in which the drift length in a semiconductor 
extremely increases under a high electric field and using 
generated ballistic electrons as an excitation source 

Background Art 

[0002] It is known that electrons travel without being 
scattered and behave like electrons in a vacuum by de- 
creasing the size of a semiconductor up to a dimension- 
al region smaller than the mean free path of electrons 
in the semiconductor The conduction electrons are re- 
ferred to as ballistic electrons that can travel without be- 
ing scattered or with no loss even in a solid differently 
from normal conduction electrons based on drift or dif- 
fusion 

[0003] Because it is estimated that the semiconductor 
device technology is greatly innovated when ballistic 
electrons can be obtained at a high controllability, vari- 
ous studies about characteristics of ballistic electrons in 
the nanostructure of a semiconductor have been per- 
formed so far However, most of the studies remain at 
physical observation under a very restricted condition 
such as a specific single structure or very low tempera- 
ture and thus, they have not resulted in the industrial 
device development To generate ballistic electrons for 
practical use, studies on material configurations and the 
material process technology are indispensable Howev- 
er, it is the present state that there is almost no research 
or development obtaining excellent results from the 
above viewpoint 

[0004] A CRT (Cathode Ray Tube) and a fluorescent- 
character display tube are widely practically used as 
self-light-emitting display devices These devices re- 
spectively conform to an operation principle of acceler- 
ating ejected electrons in vacuum by an electric field and 
excitating the fluorescent material coated on an oppo- 
site screen Therefore, it is indispensable to include a 
vacuum tube having a certain volume or more for con- 
figuration. Therefore, this has been a large fault against 
decrease of a device in thickness or increase of the de- 
vice in size 

[0005] Moreover, other self-light-emitting display de- 
vices include a display device using an EL element 
made of an inorganic or organic material and a plasma 
display 

[0006] The display device using the EL element con- 
forms to an operation principle of accelerating carriers 
in a solid and collision-exciting the emission center 
Therefore, the emission quantum efficiency is restricted 
to a limited value by an energy loss in the photon con- 



version of carriers in the solid and therefore, heat gen- 
eration in the element is unavoidable Therefore, to in- 
crease a display device in size, actions for deterioration 
of device characteristics due to a temperature rise and 
5 for thermal sinking are left as technical problems, 

[0007] Also concerning a plasma display, restriction 
of emission due to energy loss under operation is a prob- 
lem and moreover, the fact that it is difficult to realize 
small-power driving because of using discharge is left 
10 as a problem to be solved 

[0008] Thus, a natural-light display device has advan- 
tages and disadvantages depending on its type and has 
many technical subjects such as increase in size, de- 
crease in thickness, and decrease in power consump- 
15 tion However, when it is possible to obtain the ballistic 
electrons at a high controllability, it is expected that 
these technical problems are solved 
[0009] The present invention is made to solve the 
above problems and its object is to provide a method 
20 capable of generating ballistic electrons at a high con- 
trollability, a semiconductor device having a practical 
material configuration for the method, and display 
means using the semiconductor device. 

25 Disclosure of Invention 

[0010] To solve the above problems, firstly the inven- 
tion of the present application provides a ballistic-elec- 
tron generating method comprising a step of applying 

30 an electric field to a nanostructure microcrystal layer or 
semi-insulating layer of semiconductor in order to cause 
a multiple-tunnel effect, thereby generating ballistic 
electrons or forward ballistic electrons. 
[001 1 ] Secondly, the present invention provides a bal- 

35 listic-electron generating method wherein the nanos- 
tructure microcrystal layer or semi-insulating layer of 
semiconductor has an interface oxide film therein Third- 
ly, the present invention provides a ballistic-electron 
generating method wherein the nanostructure microc- 

40 rystal layer or semi-insulating layer of semiconductor is 
a porous layer Fourthly, the invention of the present ap- 
plication provides a ballistic-electron solid-state semi- 
conductor device comprising a nanostructure microc- 
rystal semiconductor layer or a semi-insulating layer 

45 formed on the surface of a semiconductor substrate, 
said layer is capable of generating ballistic electrons or 
quasiballistic electrons by a multiple-tunnel effect 
caused by an electric field, Fifthly, the present invention 
provides a ballistic-electron solid-state semiconductor 

50 device in which the nanostructure microcrystal semicon- 
ductor layer or the semi-insulating layer has an interface 
oxide film therein Sixthly, the present invention provides 
a ballistic-electron solid-state semiconductor device in 
which the nanostructure microcrystal semiconductor 

55 layer or the semi-insulating layer is a porous layer Sev- 
enthly, the present invention provides a ballistic-electron 
solid-state semiconductor device which is a porous and 
formed by anodic oxidation Eighthly, the present inven- 
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tion provides a ballistic-electron solid-state semicon- 
ductor device further comprising a metallic thin-film 
electrode provided on the nanostructure microcrystal 
layer or the semi-insulating layer and an ohmic elec- 
trode provided on the back of the semiconductor sub- 5 
strate, 

[0012] Ninthly, the invention of the present application 
provides a ballistic-electron-exciting solid-state light- 
emitting device comprising the above ballistic-electron 
solid-state semiconductor device in which a phosphor 
layer is deposited between the microcrystal semicon- 
ductor layer or the semi-insulating layer and the metallic 
thin-film electrode or on the metallic thin-film electrode, 
wherein ballistic electrons are generated from the mi- 
crocrystal semiconductor layer or the semi-insulating 
layer and collided directly against the phosphor layer by 
applying a voltage to the electrode, thereby exciting a 
phosphor to emit visible light, 

[001 3] Tenthly, the invention of the present application 
provides a light-emitting display device comprising, as 
an information display device, the above semiconductor 
device in which the ohmic electrode and the metallic 
thin-film electrode are arranged in a segment form or 
dot form Eleventhly, the invention of the present appli- 
cation provides a thin light-emitting display device com- 
prising a plural of the above light-emitting display devic- 
es, wherein the plural of light-emitting display devices 
are operated by a simple matrix driving system Twelfth- 
ly, the invention of the present invention provides a thin 
light-emitting display device comprising a plural of the 
above light-emitting display devices on a semiconductor 
substrate having an active element array formed there- 
on, wherein the plural of light-emitting display devices 
are operated by an active matrix driving system 
[0014] Thirteenthly, the invention of the present inven- 
tion provides a thin light-emitting display device accord- 
ing, wherein thephosphoremitsoneormoreof red light, 
green light, and blue light. Fourteenthly, the invention of 
the present invention provides a thin planar display de- 
vice, wherein image information of any color is dis- 
played 

[0015] Furthermore, the present invention provides a 
image-information display device or an arithmetic 
processing unit constituted by functionally integrating 
the above ballistic-electron solid-state semiconductor 
device with a VLSI 

Brief Description of Drawings 

[0016] 

Fig 1 is a schematic view showing a configuration 
of a ballistic-electron-exciting solid-state light-emit- 
ting device fabricated as an example of the inven- 
tion of the present application, in which symbol 1 
denotes an ohmic electrode, 2 denotes an n-type 
silicon substrate, 3 and 4 denote PS layers, and 5 
denotes Alq 3 and an Au thin film; 



Fig 2 is a graph showing a time-series change of 
current control in a PS-layer forming process 
through anodic oxidation of an example of the in- 
vention of the present application; 
Fig. 3 is a schematic view showing a diagram of en- 
ergy bands relating to generation of ballistic elec- 
trons in a PS layer of a ballistic-electron-exciting 
solid-state light-emitting device fabricated for an ex- 
ample of the invention of the present application 
and emission due to phosphor excitation; 
Fig 4 is a graph showing a result of measuring an 
energy distribution of electrons emitted through an 
Au thin film when operating a diode free from Alq 3 
thin film in a vacuum; 

Fig 5 is a graph showing a result of measuring a 
current-voltage characteristic (black circles) and an 
emission intensity-voltage characteristic (white cir- 
cles) of a ballistic-electron-exciting solid-state light- 
emitting device fabricated in example 1 of the 
present invention; 

Fig 6 is a graph showing a spectrum of emission 
by a ballistic-electron-exciting solid-state light-emit- 
ting device fabricated in the example 1 of the inven- 
tion of the present application and a spectrum of 
photoluminescence of Alq 3 measured through ultra- 
violet excitation; 

Fig 7 is a graph showing a result of measuring a 
current-voltage characteristic (solid line) and an 
emission intensity-voltage characteristic (dotted 
line) of a ballistic-electron-exciting solid-state light- 
emitting device fabricated in example 2 of the inven- 
tion of the present application; 
Fig 8 is a graph showing a result of measuring a 
current- voltage characteristic (solid line) and an 
emission intensity-voltage characteristic (dotted 
line) of a ballistic-electron-exciting solid-state light- 
emitting device fabricated in example 3 of the inven- 
tion of the present application; and 
Fig 9 is a graph showing a result of measuring a 
current- voltage characteristic (solid line) and an 
emission intensity-voltage characteristic (dotted 
line) of a ballistic-electron-exciting solid-state light- 
emitting device fabricated in example 4 of the inven- 
tion of the present application 

Best Mode for Carrying Out the Invention 

[0017] Embodiments of the invention of the present 
application having the above features are described be- 
low 

[0018] In the invention of the present application, an 
electric field is applied to a nanostructure microcrystal 
layer or semi-insulating layer of semiconductor to gen- 
erate ballistic electrons without being scattered or qua- 
siballistic electron hardly being scattered in a solid by a 
multiple-tunnel effect 

[0019] In this case, the nano-structure microcrystal 
semiconductor layer or insulating layer is a nano-struc- 
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ture microcrystal layer or semi-insulating layer formed 
by wet process or dry process, and as examples of those 
layers, a layer having an interface oxide film, a porous 
layer and the like can be used . More specifically, a struc- 
ture formed by anodic oxidation of semiconductor can 
be used 

[0020] A basic configuration of the ballistic-electron 
solid-state semiconductor device of the invention of the 
present application can be a kind of MIS diode fabricat- 
ed by applying a wet process or dry process to the sur- 
face of a semiconductor substrate having an electrode 
in order to form a microcrystal semiconductor layer and 
then depositing a metallic thin-film electrode 
[0021] However, in the ballistic-electron solid-state 
semiconductor device of the invention of the present ap- 
plication, the microcrystal semiconductor layer corre- 
sponding to an I layer works more than a mere drift layer 
That is, as described above, electrons of the microcrys- 
tal semiconductor layer ballistically travel in the microc- 
rystal semiconductor layer under a strong electric field 
[0022] For example, when oxidation with structural 
control is applied to the surface of a silicon substrate, a 
generated porous silicon (PS) layer is composed of sil- 
icon microcrystals (5 nm or less) connected to each oth- 
er And when an electric field is applied to this PS layer, 
the major portion of the electric field is produced not in 
silicon microcrystal but in a silicon-oxide film at the in- 
terface Because the silicon-oxide film is very thin, qua- 
siballistic electrons passing through microcrystals one 
after another without being hardly scattered in a strong 
electric field are produced. Moreover, by applying a 
strong electric field, a multiple-tunnel process in which 
electrons pass through microcrystal without being scat- 
tered is completed, and as its result, the drift length of 
electrons becomes a value far exceeding the size of sil- 
icon microcrystal and then ballistic electrons are pro- 
duced In the case of a PS layer having a thickness of 
approx 1 |im, ballistic electrons are produced by apply- 
ing a strong electric field, 

[0023] Anodic oxidation and etching can be applied to 
the surface of a semiconductor as the wet process Ox- 
idation, sputtering, and heat treatment can be applied 
to the surface of a semiconductor substrate as the dry 
process. 

[0024] In the ballistic-electron solid-state semicon- 
ductor device of the invention of the present application, 
by applying a positive voltage to the metallic thin-film 
electrode side of a semiconductor substrate, electrons 
are injected into a microcrystal semiconductor layer 
from the silicon-substrate side For example, by setting 
the field intensity of a microcrystal semiconductor layer 
to approx 105 V/cm, the kinetic energy of a ballistic 
electron having a drift length of approx 1 um reaches 
10 eV Because the electron travels the same as the 
case in which it is present in a vacuum though it is 
present in a solid, it has two characteristics such as "var- 
iable characteristic of acceleration energy" and "non- 
loss characteristic of energy" Applications realized by 



noting these characteristics are described below 

(1) Use of variability of electron acceleration energy 

5 [0025] According to a characteristic that electrons can 
be accelerated arbitrarily through application of a volt- 
age it is possible to directly collide ballistic electrons 
generated in a microcrystal semiconductor layer against 
a phosphor and excite the phosphor through application 

10 of a voltage to an electrode and produce visible light by 
providing a structure in which a phosphor layer made of 
a phosphor is deposited between a microcrystal semi- 
conductor layer and a metallic thin-film electrode or on 
the metallic thin-film electrode for the above ballistic- 

15 electron solid-state semiconductor device That is, elec- 
trons changed to ballistic electrons in a microcrystal 
semiconductor through application of a voltage collide 
with a phosphor between the microcrystal semiconduc- 
tor layer and a metallic thin-film electrode or on the me- 

20 tallic thin-film electrode at a high speed as hot electrons 
while obtaining high kinetic energy and the phosphor is 
excited As a result, it is possible to emit visible lights 
having an optional wavelength corresponding to the 
type of a phosphor In this case, by controlling an applied 

25 voltage, it is possible to control an emission quantity and 
a ballistic-electron-exciting solid-state light-emitting de- 
vice not requiring a vacuum is realized By using a cath- 
ode luminescence material for a low voltage for a phos- 
phor, it is possible to obtain a practically-usable emis- 

30 sion quantity even if the kinetic energy of generated bal- 
listic electrons is about 1 0 eV. 

(2) Use of energy non-loss 

35 [0026] In a ballistic conduction mode, electrons travel 
in a solid without being scattered That is, because heat 
due to electron conduction is not produced, it is possible 
to realize a state like a vacuum tube in which the oper- 
ation space and heat-radiation space of a device are 
40 separated from each other though the device is solid. 
Moreover, in the case of a normal semiconductor, after 
an electron velocity reaches a saturated drift velocity de- 
cided by the balance between electron acceleration and 
photon scattering, it is impossible to accelerate elec- 
ts trons further even if increasing an electric field There- 
fore, the operation frequency of a semiconductor device 
is limited However, the saturated drift velocity of a bal- 
listic electron is not limited . Therefore, by applying a bal- 
listic-electron solid-state semiconductor device of the 
so invention of the present application, it is possible to re- 
alize an electron device to be driven at an ultra-high 
speed and having an extremely low energy loss 
[0027] In the case of a ballistic-electron solid-state 
semiconductor device of the invention of the present ap- 
55 plication, it is possible to use any semiconductor as the 
material of a semiconductor substrate as long as the 
above wet process or dry process can be applied to the 
material For example, it is possible to use single-crystal 
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silicon, polycrystal silicon, and compound semiconduc- 
tors. Specifically, it is possible to use most of elemental 
and compound materials in IV group, lll-V group, and 
ll-VI group such as germanium (Ge), silicon carbide 
(SiC), gallium arsenide (GaAs), indium phosphide (InP), 
and cadmium selenide (CdSe). Moreover, it is possible 
to use every material in which ballistic conduction can 
be realized in a strong electric field such as silicon-oxide 
film. 

[0028] It is possible to use every organic or inorganic 
material as a phosphor Specifically, low-voltage cath- 
ode luminescence materials (ZnO:Zn etc) can be used 
[0029] In the case of the invention of the present ap- 
plication, it is possible to realize functions of a light-emit- 
ting display device by providing a structure in which a 
phosphor layer made of a phosphor is deposited be- 
tween a microcrystal semiconductor layer and a metallic 
thin-film electrode or on the metallic thin-film electrode 
for the ballistic-electron solid-state semiconductor de- 
vice as described above In this case, it is preferable 
that an ohmic electrode and metallic thin-film electrode 
provided for a semiconductor substrate are formed like 
a segment or dot. 

[0030] Moreover, an advanced-performance thin 
light-emitting display device is realized by arranging 
many light-emitting display devices same as the above 
display device and operating them in accordance with 
a simple matrix driving system or arranging a lot of the 
above light-emitting display devices on a semiconductor 
substrate on which an active device array is formed and 
operating them in accordance with an active matrix driv- 
ing system 

[0031] It is also possible to realize a thin planar dis- 
play device for outputting video information of any color 
by using a phosphor for emitting red light, green light, 
or blue light as a phosphor of the thin light-emitting dis- 
play device and thereby periodically arranging many of 
these three colors 

[0032] Moreover, by functionally integrating a ballis- 
tic-electron solid-state semiconductor device of the in- 
vention of the present application with a VLSI, it is pos- 
sible to realize a video-information display device or an 
arithmetic processing unit 

[0033] The above electron ballistic conduction phe- 
nomenon is basically based on injection of electrons 
from a n-type silicon substrate However, also in the 
case of a p-type substrate, it is also possible to generate 
electrons on a drift layer by the field effect or light irra- 
diation from the outside and make these electrons con- 
tribute to operations of a device as ballistic electrons 
That is, a ballistic-electron solid-state semiconductor 
device of the invention of the present application can be 
also used as a light detection device. Moreover, be- 
cause generation of ballistic electrons can be modulated 
or started by external light, it is possible to realize a new 
optoelectronic operation mode 

[0034] Though the invention of the present application 
has the above features, it is more specifically described 



below by referring to examples 

Examples 

5 [Example 1] 

[0035] A ballistic-electron-exciting solid-state light- 
emitting device of the invention of the present applica- 
tion is fabricated and basic characteristics are studied 
[0036] As shown in Fig 1, in the case of a fabricated 
ballistic-electron-exciting solid-state semiconductor de- 
vice, a PS layer (3) is formed by applying anodic oxida- 
tion to the surface of an n-type silicon substrate (2) (re- 
sistivity of 0 018 £2cm) having a orientation (111) on 
whose back an ohmic electrode (1) is formed in a mixed 
solution (mixture rate of 1:1) of 50wt% HF aqueous so- 
lution and ethanol under light irradiation using a 500-W 
tungsten lamp as a light source In this case, as shown 
in Fig. 2, the operation of slowly increasing an anodic 
oxidation current for 1 58 sec and decreasing the anodic 
oxidation current up to 2 5 mA/cm 2 every 4 sec in the 
middle of the above period of 158 sec is performed 
twice Finally, the anodic oxidation current becomes 1 00 
mA/cm 2 

[0037] The PS layer (3) has a thickness of approx 1 0 
um In the PS layer (3), there is a structure in which 
dense low-porosity silicon layers having a thickness of 
approx, 8 nm are periodically arranged. Each of these 
dense layers respectively has a function of forming an 
equal-potential plane and correcting the field distribu- 
tion in the layer and moreover functions as a heat sink 
for sinking Joule heat generated in the layer and has a 
function of stabilizing a diode current. 
[0038] Alq 3 (4) is vacuum-deposited on the surface of 
the formed PS layer (3) as an organic phosphor More- 
over, a circular Au thin film (5) having a thickness of 12 
nm and a diameter of 6 mm is vacuum-deposited on the 
Alq 3 (4), By using the Au thin film (5) as a surface-side 
electrode, a diode is formed between the surface-side 
electrode and the back-side ohmic electrode (1) 
[0039] A positive voltage V ps is applied to the elec- 
trode side of the Au thin film (5) of the diode to inject 
electrons to the PS layer (3) from the n-type silicon sub- 
strate (2) The injected electrons become ballistic in ac- 
cordance with the above multiple-tunnel effect to gen- 
erate holes on the Alq 3 layer through collision excitation 
as shown in Fig 3 As a result, light is emitted due to 
recombination of electrons and holes 
[0040] Fig 4 shows a result of measuring energy dis- 
tributions of electrons emitted through an Au thin film 
when operating a diode having no Alq 3 thin film in a vac- 
uum, From Fig 4, it is found that the loss due to scat- 
tering are hardly produced while electrons travel in the 
PS layer and electrons become ballistic 
[0041 ] Fig 5 shows a result of measuring the current- 
voltage characteristic (black circles) and emission inten- 
sity-voltage characteristic (white circles) of a fabricated 
ballistic-electron-exciting solid-state light-emitting de- 



15 



20 



25 



30 



35 



40 



45 



50 



5 



9 



EP 1 278 227 A1 



10 



vice It is found that uniform green light emission occurs 
when an applied voltage is approx 1 5 V (diode current 
of approx 0.05 A/cm 2 ) and the emission intensity rapidly 
increases by raising the voltage, 

[0042] To confirm that light is emitted from Alq 3 , a re- 5 
suit of measuring an emission spectrum is shown by a 
solid line in Fig 6. A curve is obtained which almost co- 
incides with the spectrum of photoluminescence of Alq 3 
separately measured by ultraviolet excitation shown by 
a broken line in Fig . 6 Thus, it is confirmed that the emis- 
sion results from Alq 3 Moreover, it is found that the 
emission spectrum does not depend on an applied volt- 
age or current and an emission spectrum inherent in 
Alq 3 is always obtained 

[0043] Moreover, as a result of a comparison experi- 
ment using a diode having a structure in which no bal- 
listic electron is generated in a PS layer, no light is emit- 
ted from the diode even if an applied voltage is indefi- 
nitely raised Therefore, it is estimated that ballistic elec- 
trons produced in the PS layer of a fabricated thin light- 
emitting display device excite the phosphor on the sur- 
face of the layer and the light having a wavelength in- 
herent in the phosphor is emitted. 

[Example 2] 

[0044] Another ballistic-electron-exciting solid-state 
light-emitting device of the invention of the present ap- 
plication is fabricated to study the basic characteristic 
[0045] The example 2 uses the n-type silicon sub- 
strate (2) constituted as shown in Fig. 1 as a p-type sil- 
icon substrate Specifically, a PS layer (3) is formed by 
applying anodic oxidation to the surface of a p-type sil- 
icon substrate (resistivity: approx 0 2 £2cm) which has 
an orientation (100) and on whose back an ohmic elec- 
trode (1) is formed in a solution obtained by mixing an 
HF aqueous solution (55 wt%) and C 2 H 5 OH at a ratio of 
1:1 under a darkroom state and moreover applying 
quick thermal oxidation at 900°C for 15 min In the case 
of the anodic oxidation, a cycle of an anodic oxidation 
current of 5 mA/cm 2 and an anodic oxidation time of 6 
sec and a cycle of an anodic oxidation current of 100 
mA/cm 2 and an anodic oxidation time of 15 sec are al- 
ternately repeated three times 

[0046] Alq 3 (4) serving as an organic phosphor is vac- 
uum-deposited on the surface of the formed PS layer 
(3) and moreover, an Au thin film (5) serving as a trans- 
lucent electrode is vacuum-deposited on the Alq 3 The 
PS layer (3), Alq 3 (4), and Au thin film (5) have thick- 
nesses of approx 8 jim, approx 100 nm, and approx 
1 0 nm respectively 

[0047] Fig . 7 shows a result of measuring the current- 
voltage characteristic (solid line) and emission intensity- 
voltage characteristic (broken line) of the fabricated bal- 
listic-electron-exciting solid-state light-emitting device, 
in which uniform light emission is observed the same as 
the case of the example 1 



[Example 3] 

[0048] Still another ballistic-electron-exciting solid- 
state light-emitting device of the invention of the present 
application is fabricated to study the basic characteris- 
tic 

[0049] The example 3 uses the PS layer (3) constitut- 
ed as shown in Fig 1 as a nano-cyrstallized polysilicon 
film Specifically, an n + -type polysilicon film (thickness 
of 5 urn) is first formed on the surface of an n-type silicon 
substrate (resistivity: 0,005 to 0 0018 Qcm) which has 
an orientation (100) and on whose back an ohmic elec- 
trode (1) is formed Then, a porous polysilicon (PPS) 
film is formed by applying anodic oxidation up to almost 
the half depth of the n + -type polysilicon film in a solution 
obtained by mixing an HF aqueous solution (55 wt%) 
and C 2 H 5 OH at a ratio of 1 : 1 under irradiation by a tung- 
sten lamp and moreover applying electrochemical oxi- 
dation to the silicon film in a 1NH 2 S0 4 solution under a 
darkroom state, In the case of the anodic oxidation, a 
cycle of an anodic oxidation current of 5 mA/cm 2 and an 
anodic oxidation time of 6 sec and a cycle of an anodic 
oxidation current of 100 mA/cm 2 and an anodic oxida- 
tion time of 1 5 sec are alternately repeated three times 
The electrochemical oxidation uses an oxidation current 
of 3 mA/cm 2 and an oxidation time of 200 sec. 
[0050] Alq 3 (4) serving as an organic phosphor is vac- 
uum-deposited on the surface of the formed PPS film 
and moreover, an Au thin film (5) serving as a translu- 
cent electrode is vacuum-deposited on the Alq 3 (4) The 
PPS film, Alq 3 (4), and Au thin film (5) have thicknesses 
of approx 2 5 u,, approx 120 nm, and approx 10 nm 
respectively 

[0051] Fig 8 shows a result of measuring the current- 
voltage characteristic (solid line) and emission intensity- 
voltage characteristic (dotted line) of the fabricated bal- 
listic-electron-exciting solid-state light-emitting device, 
in which uniform light emission is observed the same as 
the case of each of the above examples 

[Example 4] 

[0052] Still another ballistic-electron-exciting solid- 
state light-emitting device of the invention of the present 
application is fabricated to study the basic characteris- 
tic 

[0053] The example 4 uses Alq 3 (4) serving as the 
phosphor constituted as shown in Fig 1 as an inorganic- 
material thin film of ZnS:Mn Specifically, a PS layer (3) 
is formed by applying anodic oxidation to the surface of 
an n-type silicon substrate (resistivity: 0 005 to 0 0018 
Qcm) which has an orientation (1 00) and on whose back 
an ohmic electrode (1) is formed in a solution obtained 
by mixing an HF aqueous solution (55 wt%) and 
C 2 H 5 OH at a ratio of 1 :1 under irradiation by a tungsten 
lamp the same as the case of the example 1 In this 
case, as shown in Fig 2, the anodic oxidation current is 
slowly increased up to 0 to 100 mA/cm 2 for the total of 
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approx 3 min and in the middle of the above period, the 
anodic oxidation current is decreased up to 2 5 mA/cm 2 
every 4 sec twice 

[0054] ZnS:Mn serving as an inorganic phosphor is 
vacuum-deposited on the surface of the formed PS layer 
(3) and moreover, an Au thin film (5) serving as a trans- 
lucent electrode is vacuum-deposited on the ZnS:Mn. 
The PS layer (3), Zn:Mn thin film, and Au thin film (5) 
have thicknesses of approx 10 u.m, approx 140 nm, 
and approx 10 nm respectively 

[0055] Fig 9 shows a result of measuring the current- 
voltage characteristic (solid line) and emission intensity- 
voltage characteristic (dotted line) of the fabricated bal- 
listic-electron-exciting solid-state light-emitting device, 
in which uniform light emission is observed the same as 
the case of each of the above examples 

Industrial Applicability 

[0056] As described above in detail, the invention of 
the present application provides a method for generat- 
ing ballistic electrons at a high controllability and a sem- 
iconductor device for the method provided with a prac- 
tical material configuration A bailistic-electron-exciting 
solid-state semiconductor device of the invention of the 
present application does not require a complex fabrica- 
tion process but the semiconductor device makes it pos- 
sible to develop a completely new thin planar display by 
using the semiconductor device as a light-emitting de- 
vice Moreover, it is considered that the present inven- 
tion contributes to development of a new semiconductor 
device such as an advancedfunctional optoelectronic 
device. Because the applicable range of the invention 
of the present application is very wide, it is expected to 
practically use the present invention , 



Claims 

1 „ A ballistic-electron generating method comprising a 
step of applying an electric field to a nanostructure 
microcrystal layer or semi-insulating layer of semi- 
conductor in order to cause a multiple-tunnel effect, 
thereby generating ballistic electrons or quasiballis- 
tic electrons 

2. The ballistic-electron generating method according 
to claim 1 , wherein the nanostructure microcrystal 
layer or semi-insulating layer of semiconductor has 
an interface oxide film therein 

3„ The ballistic-electron generating method according 
to claim 1 or 2, wherein the nanostructure microc- 
rystal layer or semi-insulating layer of semiconduc- 
tor is a porous layer, 

4,. A ballistic-electron solid-state semiconductor de- 
vice comprising a nanostructure microcrystal sem- 



iconductor layer or a semi-insulating layer formed 
on the surface of a semiconductor substrate, said 
layer is capable of generating ballistic electrons or 
quasiballistic electrons by a multiple-tunnel effect 
5 caused by an electric field 

5. The ballistic-electron solid-state semiconductor de- 
vice according to claim 4, wherein the nanostruc- 
ture microcrystal semiconductor layer or the semi- 

fo insulating layer has an interface oxide film therein 

6. The ballistic-electron solid-state semiconductor de- 
vice according to claim 4 or 5, wherein the nanos- 
tructure microcrystal semiconductor layer or the 

15 semi-insulating layer is a porous layer 

7„ The ballistic-electron solid-state semiconductor de- 
vice according to claim 6, which is porous and 
formed by anodic oxidation. 

20 

8. The ballistic-electron solid-state semiconductor de- 
vice according to any one of claims 4 to 7, further 
comprising a metallic thin-film electrode provided 
on the nanostructure microcrystal semiconductor 

25 layer or the semi-insulating layer and an ohmic elec- 
trode provided on the back of the semiconductor 
substrate 

9. A ballistic-electron solid-state light-emitting device 
30 comprising the semiconductor device of claim 8 in 

which a phosphor layer is deposited between the 
microcrystal semiconductor layer or the semi-insu- 
lating layer and the metallic thin-film electrode or on 
the metallic thin-film electrode, wherein ballistic 
35 electrons are generated from the microcrystal sem- 
iconductor layer or the semi-insulating layer and 
collided directly against the phosphor layer by ap- 
plying a voltage to the electrode, thereby exciting a 
phosphor to emit visible light 

40 

10. A light-emitting display device comprising, as an in- 
formation display device, the semiconductor device 
of claim 9 in which the ohmic electrode and the me- 
tallic thin-film electrode are arranged in a segment 

45 form or dot form 

1 1 . A thin light-emitting display device comprising a plu- 
ral of the light-emitting display devices of claim 10, 
wherein the plural of light-emitting display devices 

so are operated by a simple matrix driving system 

1 2. A thin light-emitting display device comprising a plu- 
ral of the light-emitting display devices of claim 10 
on a semiconductor substrate having an active el- 

55 ement array formed thereon, wherein the plural of 
light-emitting display devices are operated by an 
active matrix driving system 
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13. The thin light-emitting display device according to 
claim 11 or 12, wherein the phosphor emits one or 
more of red light, green light, and blue light 

14. A thin planar display device according to claim 13, s 
wherein image information of any color is displayed 
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Fig.l 
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Fig. 2 
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Fig-3 
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Fig. 4 
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Fig -5 
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Fig. 7 
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Fig* 9 
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